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ABSTRACT
High-resolution imaging of the Sunyaev–Zel’dovich (SZ) effect opens new possibilities for
testing the presence of various high-energy particle populations in clusters of galaxies. A
detailed X-ray analysis of the ‘Bullet cluster’ (1E 0657−56) with Chandra has revealed
the presence of additional X-ray spectral components beyond a simple, single-temperature
plasma in its X-ray spectra. X-ray methods alone are insufficient to elucidate the origins of
these spectral components. We show that the morphology and magnitude of the SZ effect at
high frequencies are critically dependent upon the mechanism by which the additional X-ray
spectra are created. We examine the differences between the predicted SZ effect emission maps
at 600 GHz assuming the X-ray spectra are composed of thermal gas with a steep power-law
index component and also thermal gas with a significant contribution of strongly heated gas. A
two-temperature model with a hot (kT  30–40 keV) second component is the most consistent
with existing SZ data at high frequencies. However, significant morphological differences
remain. High-angular-resolution SZ intensity maps at high frequencies in combination with
deep X-ray data provide a new window into understanding particle energization processes in
the hottest, massive merging galaxy clusters.
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1 IN T RO D U C T I O N
Clusters of galaxies are large structures in the Universe, with sizes
of the order of Mpc. The space between galaxies in the most mas-
sive clusters is filled with a low-density (∼10−3 to 10−2 cm−3),
high-temperature (kT ∼ 10–15 keV), X-ray-emitting plasma known
as the intracluster medium (ICM). The hottest galaxy cluster is
1E 0657−56, the so-called ‘Bullet cluster’. The ‘Bullet cluster’ is
an excellent example of the various effects of cluster merging on
the observational properties of galaxy clusters. Of particular inter-
est is the energy released by merger-driven shock waves, which can
E-mail: phdmitry@stanford.edu (DAP); emillion@bama.ua.edu (ETM)
substantially heat the ICM. A bow shock leading the ‘bullet’ sub-
structure and associated shock-heated region (kT ∼ 30 keV) was
discovered using Chandra (see Markevitch et al. 2002; Markevitch
2006). The very hot electron population (as well as a population
of quasi-thermal electrons; see Dogiel et al. 2007) is an additional
source of soft and hard X-ray emission due to bremsstrahlung. Mas-
sive merging clusters such as the ‘Bullet cluster’ generally also host
extended, diffuse radio sources known as radio haloes (Liang et al.
2000; Ferrari et al. 2008). Because the electron synchrotron loss time
is extremely short in these radio haloes, significant particle accel-
eration must be present. Whether this acceleration occurs at shock
fronts or through merger-driven turbulence is still an area of active
research (see e.g. Brunetti & Lazarian 2007). Given the evidence
for significant particle acceleration from radio observations, it is
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reasonable to suggest that similar particle acceleration processes
give rise to additional X-ray spectral components [via inverse-
Compton emission from ultrarelativistic multi-GeV electrons scat-
tered off the cosmic microwave background (CMB; see Rephaeli
1979), or via X-ray synchrotron emission of ultrarelativistic multi-
TeV electrons (see Timokhin, Aharonian & Neronov 2004)]. The
X-ray data obtained by the RXTE, Chandra and Swift/BAT missions
suggest that additional X-ray spectral components are present in the
‘Bullet cluster’ (see Petrosian, Madejski & Luli 2006; Million &
Allen 2009; Ajello et al. 2010). However, it is difficult to distin-
guish between the origins of these spectral components using X-ray
methods alone.
The Sunyaev–Zel’dovich (SZ) effect is caused by the inverse-
Compton scattering of the CMB radiation field by the hot, free
electrons in galaxy clusters, changing the CMB spectrum towards
massive galaxy clusters (for a review, see Birkinshaw 1999). The
amplitude of the SZ effect measures the line-of-sight pressure
of the electron population. Interestingly, for gas with tempera-
tures kT > 10 keV, relativistic SZ corrections are significant (e.g.
Rephaeli 1995) and are most important at higher frequencies. True
non-thermal origins for additional X-ray spectral components (e.g.
inverse-Compton emission by ultrarelativistic electrons) will have
little to no effect upon the SZ effect. Therefore, the combination of
X-ray and SZ methods provides a promising new avenue to disen-
tangle the thermal and non-thermal interpretations of the detected
X-ray excess in the ‘Bullet cluster’. The implementation of high-
angular-resolution, high-frequency SZ instruments (with angular
resolution better than 1 arcmin), such as SPIRE,1 MUSTANG2 and
LABOCA3 (see Nord et al. 2009; Mason et al. 2010; Zemcov et al.
2010; Korngut et al. 2011) will provide important constraints upon
different models of the non-thermal-like emission.4 Recently, an
SZ intensity map of the ‘Bullet cluster’ at a frequency of 600 GHz,
with angular resolution of 36 arcsec, has been obtained with Her-
schel-SPIRE (Zemcov et al. 2010). Colafrancesco, Marchegiani &
Buonanno (2011) compared the SZ intensity values at different fre-
quencies including those of Herschel-SPIRE and concluded that
SZ excess over that predicted from the ICM is present at high
frequencies. The aim of our paper is to demonstrate how and to at-
tempt to constrain the different particle populations residing within
the ‘Bullet cluster’ through the useful combination of X-ray and
SZ observations.
We analyse the Chandra data of the Bullet cluster considering
various plasma models which include either an additional very hot
thermal or an additional non-thermal power-law component. Using
the derived plasma temperature and number density distributions
from the Chandra X-ray data, we model the SZ intensity maps
in the framework of the relativistically correct Wright formalism
(Wright 1979). We demonstrate that the SZ maps are different in
all our candidate models and that this fact can be used to constrain
the nature of the non-thermal-like X-ray emission by means of a
comparison between the modelled and observed SZ maps of the
Bullet cluster.
The layout of the paper is as follows. We analyse the Chandra
X-ray data assuming the presence of different particle populations
in Section 2. We calculate the SZ intensity maps at 600 GHz in
1 http://herschel.esac.esa.int/science_instruments.shtml
2 http://www.gb.nrao.edu/mustang/
3 http://www.apex-telescope.org/bolometer/laboca/
4 By non-thermal-like emission, we mean emission over and above the
expected, diffuse, ambient cluster gas.
the framework of the Wright formalism using the temperature and
number density distributions obtained from the X-ray analysis in
Section 3. Our discussion on how to determine the mechanism of
the non-thermal-like X-ray emission from the Bullet cluster com-
paring the modelled and observed SZ intensity maps is presented
in Section 4.1. We use 3D numerical simulations to derive the SZ
intensity map of the Bullet cluster and compare it with the modelled
SZ intensity map in Section 4.2. Our conclusions are presented in
Section 5.
2 X - R AY A NA LY S I S O F T H E BU L L E T
CLUSTER
Observations of the ‘Bullet cluster’ with Chandra, along with four
other massive, merging galaxy clusters, have revealed the presence
of spatially extended, non-thermal-like emission in its X-ray spec-
tra (see Million & Allen 2009). The presence of such components
has been independently confirmed using RXTE and Swift/BAT (see
Petrosian et al. 2006; Ajello et al. 2010). The origins of this spec-
tral component remain unclear. Our analysis repeats the Million &
Allen (2009) analysis, making use of the updated CIAO (version 4.3)
software and calibration products (CALDB version 4.4.1). Details of
the analysis method can be found in Million & Allen (2009) and
are quickly summarized here.
The Chandra observations were carried out using the Advanced
CCD Imaging Spectrometer (ACIS) between 2002 July and 2004
August (see Table 1, for more details). Standard reprocessing was
applied as described in Million & Allen (2009). Individual re-
gions for spectral fitting were determined using the contour bin-
ning method of Sanders (2006), which groups neighbouring pixels
of similar surface brightness until a desired signal-to-noise ratio is
met. In detail, each region has ∼10 000 counts. This allows us to
measure the brightness of potential additional components to within
5 per cent.
The spectra were analysed using XSPEC (version 12.6; Arnaud
1996). We use the MEKAL plasma emission codes (Kaastra & Mewe
1993) and the photoelectric absorption models of Balucinska-
Church & McCammon (1992). All spectral fits were carried out
in the 0.6–7.0 keV energy band. The extended C-statistic available
in XSPEC, which allows for background subtraction, was used for all
fitting.
The baseline spectral model, applied to each of the 55 spatial
regions, consists of an optically thin, thermal plasma model at the
redshift of the cluster. We fix the Galactic absorption to 4.89 ×
1020 atom cm−2 (determined from the Leiden/Argentine/Bonn
Table 1. Summary of Chandra observa-
tions. Columns list observation ID, ex-
posure time and observation date. Each
observation was taken with the ACIS-I
detectors in VFAINT mode.
Obs. ID Exp. (ks) Obs. date
3184 82.4 2002 July 12
4984 75.9 2004 August 19
4985 24.0 2004 August 23
4986 40.7 2004 August 25
5355 22.3 2004 August 10
5356 96.2 2004 August 11
5357 78.3 2004 August 14
5358 31.7 2004 August 15
5361 82.1 2004 August 17
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Radio H I survey; Kalberla et al. 2005). The temperature, metal-
licity and MEKAL normalization parameters5 are free parameters for
every region (in detail, the normalizations for each observation of
each region are independently free). Such fits assume that the en-
tirety of the X-ray emission is of a thermal origin. We have also
performed spectral fits that assume a small portion of the X-ray
emission comes from additional diffuse sources. In detail, we have
performed fits in which we add a second hot thermal component
or a steep power-law spectrum to the initial thermal model. For an
illustration of the influence of a hot thermal component on the SZ
effect, the second hot thermal component is taken to have a temper-
ature kT2 = 50 keV. We also consider other temperature values in
order to generalize our results. The abundance is tied to the other
temperature component and the normalization of the 50-keV hot
thermal component is allowed to vary in each of the 55 regions.
The steep power-law component takes the form of a power law with
fixed photon index. We take  = 1.8 as suggested by the Ajello et al.
(2010) analysis, and the power-law normalization is allowed to be
free in each region. The presence of these additional components
is significant at the ∼4σ level. We have compared the results to
those of Million & Allen (2009), and the newly calibrated analysis
is consistent with previous work. We also performed fits assuming
different values of the second component temperature (kbTe = 30,
40 and 60 keV) and spectral index ( = 2.0, 2.2). We calculate the
values of the MEKAL normalization parameter, K, and temperature
for each individual plasma region and each thermal component in
these two models of the non-thermal-like emission.
3 M ODELLING SZ INTENSITY MAPS
In this section, we calculate SZ intensity maps in the framework of
the two candidate models of the non-thermal-like X-ray emission
from the Bullet cluster. To calculate the SZ intensity maps we use
the relativistically correct Wright formalism because the plasma
temperatures in the Bullet cluster are high and because it is important
for the correct description of the Comptonization process of CMB
photons by an additional 50-keV electron component.
3.1 Wright formalism for the SZ effect
The CMB intensity change caused by the SZ effect in the Wright
formalism can be written in the form proposed by Prokhorov,
Antonuccio-Delogu & Silk (2010), which is given by
I = I0 σT
mec2
∫
nekbTeG(x, Te) dl, (1)
where the line-of-sight integral extends from the last scattering sur-
face of the CMB radiation to the observer at z = 0, x = hν/(kbTCMB),
I0 = 2(kbTe)3/(hc)2, ne is the electron number density, σ T is the
Thomson cross-section, me the electron mass, c the speed of light,
kb the Boltzmann constant and h the Planck constant.
The relativistic spectral function, G(x, Te), derived in the frame-
work of the Wright formalism is written as
G(x, Te) = 1
(Te)
∫ +∞
−∞
P1(s, Te)F (s, x) ds (2)
5 The MEKAL normalization is defined as K = ∫ nenHdV ×
10−14/(4πD2A(1 + z)2), where DA is the angular diameter distance, z is
the redshift and ne and nH are the electron and hydrogen number densities.
and
F (s, x) = x
3 exp(−3s)
exp(x exp(−s)) − 1 −
x3
exp(x) − 1 , (3)
where  = kbTe/mec2, s is the logarithmic frequency shift owing to
a scattering (see Birkinshaw 1999) and P1(s, Te) is the distribution
of frequency shifts for a single scattering (Wright 1979; for a review,
see Birkinshaw 1999). We have made a table of the spectral function
values publicly available in text format on a webpage.6 We note that
this formalism is only valid in the single scattering approximation
and for low values of optical depth, which is, however, sufficient
for the purposes of this paper. We will apply the Wright method to
calculate SZ intensity maps at a frequency of 600 GHz at which the
SZ effect from the Bullet cluster has been observed by Herschel-
SPIRE.
Note that an alternative method to calculate the SZ effect includ-
ing SZ relativistic corrections was proposed by Challinor & Lasenby
(1998) and Itoh, Kohyama & Nozawa (1998) and is based on the
relativistic generalization of the Kompaneets equation, where the
relativistically covariant Boltzmann collisional equation is solved.
They calculated higher order relativistic SZ corrections in the form
of an expansion of the CMB spectral changes into a power series of
the parameter (Te). Itoh et al. (1998) also calculated the collision
integral of the Boltzmann equation numerically and compared the
results with those obtained by the expansion method. The conver-
gence of the series at high frequencies, lying in the Wien region, is
low at high plasma temperatures of 50 keV (see fig. 7 from Itoh
et al. 1998). The numerical results for the relativistic corrections to
the SZ effect were obtained by numerical integration of the collision
term of the Boltzmann equation and were presented in the form of
a table for the range of 0.002 < (Te) < 0.100 and 0 < x < 20
by Itoh & Nozawa (2004). Accurate analytic fitting formulae that
reproduce their numerical results for the ranges of 0.00 < (Te) <
0.05 and 0 < x < 20 and of 0.05 < (Te) < 0.10 and 0 < x <
17 were presented by Nozawa et al. (2000) and Itoh & Nozawa
(2004), respectively. Nozawa & Kohyama (2009) demonstrated the
equivalence of this formalism with the Wright formalism.
3.2 Results of modelling
To produce the SZ intensity maps at a frequency of 600 GHz we
use the 2D maps of temperature and MEKAL normalization param-
eter obtained by using the Chandra data analysis in the previous
section. Since the X-ray data are projected spectra, temperature
and MEKAL normalization parameter information corresponds to a
column of plasma through the galaxy cluster. We apply the opera-
tion of translation to produce 3D temperature and number density
maps. We choose the depth along the line of sight assuming axial
symmetry around the subcluster collision axis of the Bullet cluster
and comparing the values of pressure integrated along the lines be-
longing to the perpendicular planes crossing at the collision axis.
Using the Wright formalism, we calculate the SZ intensity maps
and smooth the calculated SZ maps at a frequency of 600 GHz to
obtain the resolution of Herschel-SPIRE of 36 arcsec [full width at
half-maximum (FWHM)]. We choose the same pixel size as that
used by Zemcov et al. (2010).
Fig. 1 shows the SZ intensity map calculated in the one-
component thermal model that was presented by Million & Allen
(2009). We will use this SZ intensity map for a comparison with
6 http://www.stanford.edu/~phdmitry/
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Figure 1. The SZ intensity map of the Bullet cluster at 600 GHz derived
from the one-component thermal model.
other SZ maps calculated in the models with additional electron
components. All the SZ intensity maps presented in this paper
are smoothed to the resolution of Herschel-SPIRE and are shown
by the colour scale in units of mJy beam−1 (the beam size of
Herschel-SPIRE at 600 GHz is used) for the sake of compari-
son with the SZ map observed by Herschel-SPIRE. The conver-
sion from mJy beam−1 to MJy sr−1 is given by 1 mJy beam−1 =
0.029 MJy sr−1. Note that Fig. 1 is shown by Prokhorov et al.
(2011b) in their analysis of SZ map morphologies at various fre-
quencies.
Now we produce the SZ maps using the new analysis of the Chan-
dra data presented in the previous section. We plot the calculated
SZ intensity map for the model including an additional non-thermal
power-law component with  = 1.8 in Fig. 2. Note that ultrarel-
ativistic electrons which can cause the inverse-Compton emission
observed in the Chandra energy band are much more energetic than
those having the Lorentz factor of γ  3 and contributing to the
Figure 2. The SZ intensity map of the Bullet cluster at 600 GHz derived
from the model including an additional non-thermal power-law component
with  = 1.8.
SZ effect (see Enßlin & Kaiser 2000). Therefore, we assume that
ultrarelativistic electrons slightly contribute to the SZ effect. The
SZ intensity map that is shown in Fig. 2 is calculated by using
the ‘first’ thermal electron component. The morphology of this SZ
intensity map is similar to that shown in Fig. 1 and, therefore, we
conclude that the presence of a non-thermal power-law component
in the Bullet cluster does not strongly change the SZ intensity map
morphology compared to that derived from the one-component ther-
mal model. However, the amplitude of the SZ effect is changed if
the non-thermal power-law electron population emitting X-rays is
present.
To produce the SZ intensity maps in the model with two thermal
populations, we need to choose the values of the depth along the
line of sight for both thermal components. Note that the presence
of a thermal population with a very hot temperature (with kbTe =
50 keV in the previously described model) can be a consequence of
heating processes which are caused by merger activity and, there-
fore, the depth and number density values of this very hot thermal
component are model-dependent. This is because the regions of
shocked plasma should be overdense compared with the ambient
medium and because the heated plasma regions that are in dynamical
equilibrium with the ambient medium should be sparser compared
with the ambient medium. Therefore, we consider the depth of the
thermal component with kbTe = 50 keV as a free parameter. As
for the ‘first’ thermal component, we use the same procedure to
determine its depth and number density as that used for the ‘first’
thermal component in the model including a non-thermal power-law
component.
The spatial morphologies of SZ maps in the model with two ther-
mal components depend on the ratio of their depths (note that the
MEKAL parameters are fixed from the X-ray analysis) and, therefore,
we can consider different possible gas distributions by assuming
multiple values of the ‘second’ thermal component depth. The cal-
culated SZ maps are shown in Figs 3, 4 and 5 for the different values
of the depth, D2, of a very hot thermal component that equals 10,
100 and 300 kpc, respectively. We do not consider depth values
of a very hot thermal component higher than 300 kpc, because the
SZ intensity that is given by the sum of the SZ intensities of the
Figure 3. The SZ intensity map of the Bullet cluster at 600 GHz derived
from the model with two thermal components with the depth of a very hot
component of D2 = 10 kpc.
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Figure 4. Same as Fig. 3, except the depth of a very hot component is D2 =
100 kpc.
Figure 5. Same as Fig. 3, except the depth of a very hot component is D2 =
300 kpc.
two thermal components will significantly exceed the SZ intensity
measured by Herschel-SPIRE.
Fig. 3 shows that the SZ intensity value is maximal at the centre
of the SZ map that also corresponds to the centre of the MEKAL
parameter and temperature maps. Since the depth of a very hot
thermal component equals 10 kpc in this case, the contribution of a
very hot thermal component is smaller than that in the models with a
higher depth. From Fig. 3 we find that the position of the SZ intensity
maximum is shifted to the west compared with that derived in the
framework of the model with a non-thermal power-law population
shown in Fig. 2. Therefore, the difference in the morphology of
SZ intensity maps can be used to constrain particle populations
residing in the Bullet cluster. Measurements of the position of the
SZ intensity maximum will allow us to distinguish between the
models of the X-ray excess including either a non-thermal power
law or a very hot thermal electron population.
We find that the bright regions of the SZ intensity maps shown
in Figs 4 and 5 are more extended than those shown in Fig. 3. The
SZ intensity values are also higher on the maps shown in Figs 4 and
5 than those on the map shown in Fig. 3. This is explained by the
contribution of a very hot thermal component to the SZ intensity.
Note that the X-ray surface brightness is proportional to the depth,
D2, and squared number density, n2e , and that the SZ intensity is
proportional to the depth and number density. Therefore, the SZ
intensity is proportional to the square root of the depth, D2, if the
X-ray surface brightness is fixed.
The SZ intensity maps derived for other values of temperature
(30, 40 and 60 keV) or power-law index (1.8 and 2.2) of the second
electron component can be viewed on the webpage.6 Comparing the
SZ intensity maps obtained from the different models demonstrates
that the SZ morphologies are different between hot thermal and
non-thermal power-law models (see Section 4.1).
In this section, we showed that the SZ intensity maps obtained
from the different models of the X-ray non-thermal-like excess are
significantly different in morphology and in numerical values. This
result can be used for testing different interpretations of the X-ray
excess from the Bullet cluster by means of high-angular-resolution
SZ observations.
4 D I SCUSSI ON
Now we discuss the SZ observations of the Bullet cluster with
the high-angular-resolution SZ instruments, Herschel-SPIRE (see
Zemcov et al. 2010) and the Australia Telescope Compact Array
(ATCA; see Malu et al. 2010), and compare the observed and mod-
elled SZ intensity maps. We also study the possible influence of
the morphological SZ effect (see Prokhorov et al. 2011b) on the
position of the maximum of the absolute SZ intensity at different
frequencies. In addition we present numerical simulations which
allow us to demonstrate that the simulated SZ intensity map is con-
sistent with the SZ intensity map derived in the model including an
additional hot thermal component and differs from that derived in
the one-component thermal model.
4.1 Observed SZ maps
In Section 3, we showed that the SZ map morphology depends
on the presence of additional electron populations and that the SZ
intensity map can be significantly different from that derived in
the one-component thermal model. Therefore, this effect provides
us with the possibility to test different interpretations of the X-ray
excess from the Bullet cluster. The high-angular-resolution observa-
tions of the Bullet cluster with ATCA at a low frequency of 19 GHz
with FWHM of 15 arcsec revealed that the maximum absolute in-
tensity value on the SZ map is at (J2000 epoch coordinates) right
ascension (RA) = 6h58m32.s3 and declination (Dec.) = −55◦57′03′ ′
(Malu et al. 2010). The position of the absolute SZ intensity maxi-
mum found by Malu et al. (2010) does not coincide with the position
of the most intense X-ray emission from the eastern subcluster at
RA = 6h58m30s and Dec. = −55◦56′28′ ′. The Herschel-SPIRE in-
strument provides us with new high-angular-resolution observations
of the SZ effect. The SZ intensity map of the Bullet cluster has been
obtained by the Herschel-SPIRE instrument (Zemcov et al. 2010)
at a frequency of 600 GHz with angular resolution of 36 arcsec. The
high-angular-resolution of Herschel-SPIRE and the careful sub-
traction of point sources performed by Zemcov et al. (2010) make
Herschel-SPIRE the suitable instrument for studying the SZ map
morphology of the Bullet cluster. In this paper, we use the results
of SZ observations with Herschel-SPIRE to compare them with the
SZ maps modelled by using X-ray observations.
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To compare the observed and modelled SZ maps of the Bullet
cluster we calculate the position of the SZ intensity maximum for
each of the modelled SZ maps. We find that the SZ intensity peaks lie
at different positions along the collision axis (that is extending along
the RA axis) for different models of the non-thermal-like emission
(see Figs 1–5) and, therefore, we give below the RA values for the
positions of maximal SZ intensity values. The position of the SZ in-
tensity maximum is at RA of  6h58m34.s9 and 6h58m34.s3 for the
one-component thermal model and for the model with an additional
non-thermal power-law component, respectively. The position of
the SZ intensity maximum is at RA of  6h58m31.s4, 6h58m29.s7
and 6h58m29.s8 for the model including two thermal components
with the ‘second’ thermal 50-keV component depth values D2 of
10, 100 and 300 kpc, respectively. The projected angular distance,
RA, between the positions of the SZ intensity maximum derived
in the models with a non-thermal power-law component and with
a very hot thermal component is 0.6 arcmin and can be probed
by SZ instruments with a high angular resolution. The position of
the SZ intensity maximum observed by Herschel-SPIRE, which is
derived by calculating the centroid and uncertainty of the SZ peak in
the submm source removed map, is at RA of 6h58m29.s9 ± 0.s9. This
observed position of the SZ intensity maximum is more consistent
in the models with an additional very hot thermal component than
with the one-component thermal model and the model including an
additional non-thermal power-law component. Note that the posi-
tion of the SZ intensity maximum observed by Herschel-SPIRE is
close to that of the most intense X-ray emission from the eastern
subcluster.
We calculate Pearson’s correlation coefficient between the ob-
served and modelled SZ intensity values along the line that is paral-
lel to the collision axis and is passing through the position of the SZ
intensity maxima. The calculated Pearson’s correlation coefficient
equals 0.69 for the SZ intensity map observed by Herschel-SPIRE
and the SZ intensity map derived in the one-component thermal
model; 0.75 for the SZ intensity map observed by Herschel-SPIRE
and the SZ intensity map derived in the model including a non-
thermal power-law component; 0.88 for the SZ intensity map ob-
served by Herschel-SPIRE and the SZ intensity map derived in the
model including a very hot thermal component with D2 = 10 kpc;
0.67 for the SZ intensity map observed by Herschel-SPIRE and the
SZ intensity map derived in the model including a very hot ther-
mal component with D2 = 100 kpc; and 0.52 for the SZ intensity
map observed by Herschel-SPIRE and the SZ intensity map de-
rived in the model including a very hot thermal component with
D2 = 300 kpc. The squared correlation coefficient is a measure of
how much of the variability in observed SZ amplitude values with
RA can be ‘explained by’ variation in the modelled SZ amplitude
values. We conclude that the model including a very hot thermal
component with a small ‘second’ hot thermal component depth is
most consistent with the Herschel-SPIRE observations of the Bul-
let cluster because the squared Pearson’s correlation coefficient is
closer to 1 in this case.
We present the results of a comparison between modelled and ob-
served SZ intensity maps in Table 2. The projected angular distance,
RA, between the positions of the SZ intensity maxima derived
from the candidate models and observed by Herschel-SPIRE as
well as the values for Pearson’s correlation coefficients are listed in
this table. Pearson’s correlation coefficients are largest for the model
including a very hot thermal component with a small ‘second’ hot
thermal component depth and, therefore, the SZ intensity maps de-
rived from this model are more consistent with that observed by
Herschel-SPIRE. The values of Pearson’s correlation coefficients
Table 2. SZ effect morphologies. Columns list model, D2, RA, Pearson’s
correlation coefficient (PCC) and TSD along the line of sight.
Model D2 (kpc) RA PCC TSD
(arcsec) (keV)
One-component – 37 0.69 (0.87) –
kT2 = 30 keV 10 12 0.91 (0.94) 5.3
kT2 = 30 keV 100 10 0.81 (0.90) 8.0
kT2 = 30 keV 300 2 0.64 (0.85) 9.2
kT2 = 40 keV 10 12 0.90 (0.93) 7.7
kT2 = 40 keV 100 −1 0.71 (0.88) 11.8
kT2 = 40 keV 300 −2 0.57 (0.83) 13.6
kT2 = 50 keV 10 11 0.89 (0.92) 9.8
kT2 = 50 keV 100 −2 0.67 (0.87) 15.3
kT2 = 50 keV 300 −2 0.52 (0.83) 17.8
kT2 = 60 keV 10 10 0.87 (0.91) 12.5
kT2 = 60 keV 100 −2 0.62 (0.85) 19.4
kT2 = 60 keV 300 −53 0.63 (0.81) 22.4
 = 1.8 – 32 0.75 (0.86) –
 = 2.0 – 32 0.75 (0.86) –
 = 2.2 – 32 0.75 (0.87) –
calculated by taking all the pixels of the observed SZ map into
account are listed in Table 2 in brackets and are also largest for
the model including a very hot thermal component with a small
‘second’ hot thermal component depth.
The possible difference in the SZ map morphologies observed
by ATCA and Herschel-SPIRE at frequencies of 19 and 600 GHz,
respectively, could be caused by the morphological SZ effect
(Prokhorov et al. 2011b). We derive the spectral function of
G(x, Te) at a frequency of 19 GHz and calculate the SZ inten-
sity map at 19 GHz using the gas temperature and number density
maps (which are obtained from the X-ray data analysis) in the
framework of the Wright formalism. The derived positions of the
maximum absolute intensity value on the SZ map at 19 GHz are at
RA of 6h58m34.s7 and 6h58m34.s3 for the one-component ther-
mal model and for the model with an additional non-thermal power-
law component, respectively. In the model with an additional very
hot thermal component, we find that the maximum absolute in-
tensity value on the SZ map at 19 GHz is at RA of 6h58m31.s4,
6h58m29.s7 and 6h58m29.s8 for the ‘second’ thermal component
depth values D2 of 10, 100 and 300 kpc, respectively. Comparing
the positions derived at frequencies of 19 and 600 GHz, we find that
there is no significant morphological SZ effect and that the effect
that is caused by the presence of an additional non-thermal or very
hot thermal component is much stronger than the morphological SZ
effect. Thus, the presence of an additional electron component can
be tested by studying the morphology of SZ effect maps at each of
these frequencies. Studying the reason behind why the positions of
maximal SZ intensity values measured with Herschel-SPIRE and
ATCA are different is beyond the scope of this paper.
We also calculate the central temperature standard deviation
(TSD) along the line of sight in the candidate models using the
temperature and depth values for the ‘first’ and ‘second’ thermal
components. The TSD is given by
σ =
√
〈(kbTe)2〉 − 〈kbTe〉2, (4)
where 〈X〉 = ∫ neX dl/∫ ne dl, and is a measure of the inhomogeneity
of the gas temperature along the line of sight. The derived values
of the central TSDs are listed in Table 2 and strongly increase with
temperature of the very hot electron component. Multifrequency SZ
observations provide us with a method to measure the TSD along the
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line of sight (Prokhorov et al. 2011a) and, therefore, provide a test of
the interpretations of the non-thermal-like X-ray emission. The TSD
values in the model including the ‘second’ thermal component with
kbTe = 30–40 keV (see Table 2) are close to (10.6 ± 3.8) keV that
were found from the multifrequency analysis of SZ observations of
the Bullet cluster (see Prokhorov & Colafrancesco 2012). Therefore,
the two-temperature model of the non-thermal-like X-ray emission
from the Bullet cluster allows us to explain the observed high value
of TSD along the line of sight.
We conclude that a two-temperature model with a hot second
component is most consistent with the existing X-ray and SZ
observations.
4.2 Simulated SZ maps
In the previous section, comparing the SZ intensity map predicted
from the X-ray data analysis in the framework of the one-component
thermal model with that observed by Herschel-SPIRE, we show
that there is an offset of 0.6 arcmin between the positions of the
SZ intensity maximum. Numerical simulations are a powerful tool
for the study of X-ray and SZ intensity maps of merging galaxy
clusters. We use the 3D numerical simulations presented by Akahori
& Yoshikawa (2012) to study the SZ intensity map of the Bullet
cluster (see also Yamada et al. 2012) and to show that the inclusion
of an additional higher temperature component in the initial one-
component thermal model permits us to reconcile the results of the
present numerical simulations with the X-ray and SZ observations.
Akahori & Yoshikawa (2012) carried out a set of N-body and
smoothed particle hydrodynamics (SPH) simulations of the Bullet
cluster and increased the numbers of SPH and dark matter particles
5–10 times compared with the simulations of Springel & Farrar
(2007) and Mastropietro & Burkert (2008). They consider a col-
lision of two spherically symmetric galaxy clusters with the virial
mass values of M1 = 1.5 × 1015 M
 and M2 = 2.5 × 1014 M
.
The Navarro–Frenk–White density profile (Navarro, Frenk & White
1997) and β-model density profile are used for a dark matter halo
and an ICM component, respectively. Initially, two galaxy clusters
contact each other at their outer edge that is determined by their
virial radii, and their initial relative velocity is set to 3000 km s−1.
The main cluster is composed of 107 dark matter particles and the
same number of SPH particles, while the subcluster is composed of
1.7 × 106 particles of each type. The corresponding spatial resolu-
tion of SPH is 12 kpc at the ICM density of 10−2 cm−3 and 26 kpc
at 10−3 cm−3. Detailed descriptions of the code used by Akahori &
Yoshikawa (2012) were published in Akahori & Yoshikawa (2010).
We use the result of the simulations of the Bullet cluster system after
1.12 Gyr has elapsed from the initial conditions. At this epoch, the
‘bullet’ subcluster has passed the centre of the main cluster and the
separation between the centres of the main cluster and subcluster
equals 720 kpc, which is consistent with that observed in the Bul-
let cluster. The temperature map obtained in the simulations shows
that a very hot plasma heated from ∼8 keV to more than 30 keV by
a shock wave exists to the west from the ‘bullet’ subcluster. This
high-temperature region corresponds to the post-shock region. An-
other very high temperature region revealed in the simulations is
located to the east from the ‘bullet’ subcluster and is heated by the
compressive flows (see also Springel & Farrar 2007).
Using the temperature and number density 3D maps obtained
from the numerical simulations of Akahori & Yoshikawa (2012),
we calculated the SZ intensity map using the Wright formalism in
the approach described in Prokhorov et al. (2010) and also calcu-
lated the map of squared electron number density integrated along
Figure 6. The SZ intensity map at a frequency of 600 GHz and the integrated
squared number density map derived from the simulated maps shown by the
colour scale and contours, respectively.
Figure 7. The modelled SZ intensity map at 600 GHz (same as in Fig. 1) and
the integrated squared electron number density map, derived by assuming
the one-component electron model.
the line of sight,
∫
n2e dl. Note that the X-ray surface brightness
of a plasma is proportional to integrated squared electron number
density and that the regions of high integrated squared number den-
sity are bright in X-rays. The SZ intensity map at a frequency of
600 GHz and the map of integrated squared electron number den-
sity derived from the simulated maps are shown in Fig. 6 by the
colour scale and contours, respectively. (The simulated map shown
in Fig. 6 has the same size as those shown below, but it is not centred
on the eastern subcluster.) We plot the modelled SZ intensity and in-
tegrated squared electron number density maps, derived from X-ray
observations by Chandra by assuming the one-component electron
model, in Fig. 7. A comparison of Figs 6 and 7 suggests that the
offset between the SZ and integrated squared electron number den-
sity for the eastern substructure is only present on the modelled
map derived from X-ray observations. This difference could be
explained by the fact that the one-component electron model used
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Figure 8. The modelled SZ intensity map at 600 GHz (same as in Fig. 3) and
the integrated squared electron number density map, derived by assuming
the model with two thermal components.
for the modelling of the SZ map cannot properly fit the X-ray data
from Chandra because of the presence of a non-thermal-like compo-
nent (Million & Allen 2009). We also plot the modelled SZ intensity
and integrated squared electron number density maps, derived by
assuming the model with two thermal components (the depth of a
very hot component is 10 kpc), in Fig. 8. Since an offset between
the SZ and integrated squared electron number density maxima is
not present in Figs 6 and 8, we conclude that the inclusion of an
additional hotter thermal component into the initial one-component
thermal model provides us with an approach to reconcile the results
of numerical simulations with that of the high-resolution X-ray and
SZ observations.
5 C O N C L U S I O N S
Observations of X-ray emission from galaxy clusters with the Chan-
dra, XMM and Suzaku satellites at energies lower than 10 keV have
significantly improved our knowledge of the morphology and ther-
mal structure of hot intracluster plasma. The X-ray observations of
the Bullet cluster by Chandra with the longest exposure of 530 ks
demonstrate evidence of non-thermal-like emission from this galaxy
cluster (Million & Allen 2009). The hard X-ray emission excess
from the Bullet cluster at energies higher than 15 keV that was found
by Petrosian et al. (2006) and Ajello et al. (2010) with the RXTE and
Swift satellites, respectively, also suggests the existence of either a
very hot thermal or a non-thermal power-law electron component.
However, it is difficult to distinguish between additional very hot
thermal and non-thermal power-law X-ray components using only
soft and hard X-ray observations.
We performed an analysis of the Chandra data for the Bullet
cluster assuming the presence of additional very hot thermal and
non-thermal power-law electron components and found the best-
fitting values of the MEKAL parameter and temperature for all the
thermal components. Using the relativistically correct Wright for-
malism, we calculated the SZ intensity maps and found that the
morphology of the SZ intensity maps is different in the different
models of the X-ray non-thermal-like emission. This allows us to
test different interpretations of the X-ray emission excess from the
Bullet cluster using X-ray and SZ instruments with high angular
resolutions, such as Chandra-ACIS and Herschel-SPIRE. Compar-
ing the observed and modelled SZ intensity map morphologies, we
conclude that the model including a very hot thermal component
with the depth of several tenths of kpc is more consistent with the
Herschel SZ observations of the Bullet cluster at a frequency of
600 GHz.
We use the numerical simulations performed by Akahori &
Yoshikawa (2012) to calculate an SZ intensity map of the Bullet
cluster and to compare the simulated SZ intensity map with those
derived in the one-component model and in the model with two
thermal components (the depth of a very hot component is 10 kpc).
Comparing the simulated SZ intensity map with that modelled from
X-ray observations, we found that the offset between the SZ and
integrated squared electron number density for the eastern substruc-
ture is only present on the SZ intensity map derived by assuming the
one-component thermal model. This difference can be explained by
the fact that the one-component electron model used for modelling
of the SZ intensity map cannot properly fit the X-ray data.
We conclude that the SZ and X-ray morphologies can be different
from each other because of the presence of additional high-energy
electron populations which cause the observed X-ray emission ex-
cess in the Bullet cluster. The present high-resolution SZ instru-
ments, such as SPIRE on the Herschel satellite, MUSTANG on the
Green Bank Telescope and LABOCA at the Atacama Pathfinder Ex-
periment (APEX), have sufficient angular resolution and sensitivity
to test for the presence of various additional high-energy electron
populations in galaxy clusters with X-ray emission excesses.
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